This chapter highlights the similarities and differences between learned song, in birds and other animal models, and speech and song in humans, by reviewing the comparative biology of birdsong and human speech from behavioral, biological, phylogenetic, and mechanistic perspectives. Our thesis is that song-learning birds and humans have evolved similar, although not identical, vocal communication behaviors due to shared deep homologies in nonvocal brain pathways and associated genes from which the vocal pathways are derived. The convergent behaviors include complex vocal learning, critical periods of vocal learning, dependence on auditory feedback to develop and maintain learned vocalizations, and rudimentary features for vocal syntax and phonology. The associated neural substrate is a set of specialized forebrain pathways found only in humans and other complex vocal learners, and it consists of premotor and motor forebrain systems that directly control brainstem vocal motor neurons. To develop and maintain function of the novel vocal-learning pathways, we argue that convergent molecular changes occurred on some of the same genes, including FoxP2 and axon guidance molecules. Our hypothesis is that the unique parts of the brain pathways, which control spoken language in humans and song in distantly related song-learning birds, evolved as specializations of a deeply homologous, preexisting motor system, which was inherited from their common ancestor and which controls movement and complex motor learning. The lesson learned from this analysis is that by studying the comparative behavioral neurobiology of human and nonhuman vocal-learning species, greater insight can be gained into the evolution and mechanisms of spoken language than by studying humans alone or humans only in relation to nonhuman primates.
Introduction
Many thinkers have intuited an evolutionary relationship between human language and music. Since Darwin (1871), it has been common to cite the complex songs of birds in support of some such link. For many skeptical commentators, however, the connection between music and language remains quite unclear, and the relevance of birdsong to either is even more obscure. What does seem clear is that humans evolved a capacity for music independently from birds' capacity for song, whatever similarities the two might share. Furthermore, clear and fundamental differences exist between human music and language, or between either of these and birdsong. Are there any real, relevant connections between these three domains?
We contend that there are-that multiple, fruitful links can be found between birdsong, human music, and human language via the mediating concept of what we call complex vocal learning. This concept is best illustrated in birds: young songbirds of many familiar species (e.g., robins, blackbirds, or fi nches) perceptually learn the songs of adults around them in their environment and then reproduce those songs (or variants thereof) as adults. The young of these vocal-learning species require auditory input to produce "normal" songs themselves. In contrast, in many other bird species (e.g., chickens, seagulls, hawks, or pigeons), adults can produce well-formed vocal communication signals without ever having heard such sounds produced by others. Thus there is a contrast, in birds, between vocal-learning species and those whose vocal repertoire develops without external input. Turning to primates, humans also have a rich capacity for vocal imitation that is lacking in other nonhuman primates: a human child exposed to certain sounds, whether words or melodies, will reliably learn to reproduce those vocalizations, whereas a chimpanzee will not. Thus an "instinct to learn" to produce sounds from the environment characterizes some species, including songbirds and people, but not others.
As humans, we recognize profound differences between language and music. Music can be played on instruments; language can be communicated via gestures. Language is often used informatively to communicate complex concepts and propositions, whereas music tends to fulfi ll more emotional or evocative roles, to function in mood regulation or group bonding, and to invite repetitive, ritualistic replay. Nonetheless, both music and language take the vocal output mechanism as their default in all cultures (via song or speech), and in both domains the cultural transmission and elaboration of songs or words requires an inborn capacity for vocal learning. Song and speech thus share a core similarity: reliance on vocal learning. From a bird's eye view, song and speech can be seen as different manifestations of the same underlying, fundamental ability: to hear a complex sound in the environment and then produce a close imitation yourself. An "ornithomorphic perspective" invites us to recognize this similarity, despite real differences.
There are at least three other reasons that we can gain insight into the evolution of music and language from studying songbirds. First, the fact that birds evolved their capacity for vocal learning independently from humans provides a statistically independent route to evaluate theories about the selective forces capable of driving the evolution of vocal learning. Second, from a neural viewpoint, vocal-learning circuits in humans and birds may have built upon common precursor circuits. If so, although the vocal-learning circuits evolved convergently, the precursors might nonetheless represent homologs inherited from the common ancestor of birds and mammals-a form of neural " deep homology." Third, the developmental pathways that generate these neural structures also built upon precursors, and it is increasingly clear that in some cases these precursors represent ancient, homologous traits as well. Such shared precursors, exemplifi ed by the FoxP2 gene (discussed below), provide examples of genetic deep homology. In all three cases, birds make an excellent study species, open to experimental investigation in ways that humans can never be.
Thus despite clear and undeniable differences between spoken language and birdsong, we argue that birdsong has much to offer in the quest to understand the evolution of human music and language, and that complex vocal learning provides the centerpiece-the core mediating concept-in this endeavor. Here we explore the many ramifi cations of this perspective and consider a wealth of evolutionary, neural, and genetic data from birds which, in our opinion, can provide crucial insights into the evolution of our own most special abilities. To forestall possible misinterpretation, we begin by clarifying the dual issues of parallels in birdsong and human vocal behavior and their evolutionary bases before we launch into the main discussion.
Parallels in Vocal-Learning Abilities
Similarities between human speech and singing with birdsong have been recognized as relevant to the evolution of language since at least Darwin (1871). These similarities were not investigated mechanistically at the underlying cognitive and neural levels until the seminal research of Peter Marler (1955 , 1970 ), Fernando Nottebohm (1976 ), and Masakazu Konishi (1965 . Since then an entire fi eld of research has advanced our understanding of the neurobiology of vocal communication in song-learning birds, including electrophysiological mechanisms (Doupe and Konishi 1991; Mooney 1992; Yu and Margoliash 1996; Hahnloser et al. 2002; Fee et al. 2004) , biophysical basis of vocal production (Fee et al. 1998; Suthers et al. 1999; Goller and Larsen 2002) , high throughput behavioral mechanisms (Tchernichovski et al. 2001) , and genetic basis of avian vocal learning (Mello et al. 1998; Jarvis and Nottebohm 1997; Jarvis et al. 1998; Clayton 2000; Haesler et al. 2004 Haesler et al. , 2007 Warren et al. 2010) . As a result, the current body of data on songbird vocal learning surpasses that of any other vocal-learning species or clade, including humans (for reviews, see Marler and Slabbekoorn 2004; Zeigler and Marler 2008) . Many of these fi ndings have been compared with fi ndings on human vocal learning, including both spoken language (Doupe and Kuhl 1999; Jarvis 2004; Bolhuis et al. 2010) and song (Fitch 2006b ).
The core similarity is that in several groups of distantly related birds (songbirds, parrots, and hummingbirds), some vocalizations are learned from the environment, as are human speech and song (Jarvis 2004) . This capacity contrasts with the vast majority of other birds and mammals, including nonhuman primates (Egnor and Hauser 2004) , which are thought to produce mainly innate vocalizations or small modifi cations to innate sounds. This fundamental similarity must, of course, be considered in the context of differences: song-learning birds are not known to use their songs to communicate combinatorial propositional meanings (i.e., semantics), although evidence indicates that semantic object communication does exist in some parrots and songbirds (Pepperberg and Shive 2001; Templeton et al. 2005) . On the other hand, for propositional meaning in a broad sense, a vocalization that refers to something in the real or imaginary world is not unique for learned vocalizations: innate alarm or food calls, or sequences of calls, in nonhuman primates and vocal-nonlearning birds can have semantic content (Seyfarth et al. 1980a; Palleroni et al. 2005) . On the other hand, vocal-learning birds use their learned vocalizations primarily to communicate affective meaning, such as mate attractiveness or territorial defense (Catchpole and Slater 2008) . How, then, are we to take seriously the similarities between birdsong and human vocal learning?
First, to avert misunderstanding, we clarify what we mean by calls, syllables, song, and speech/spoken language in the context of vocal learning. Our defi nitions are drawn from the animal communication fi eld and take an ornithomorphic perspective: Calls are isolated vocalizations that can be produced singly, whether repeated or not. Calls are termed syllables when they are part of long continuous and changing sequences of vocalizations, defi ned as song or speech. We do not make a sharp distinction between speech and spoken language, or song vocally produced with or without words, which for us is essentially all "vocal music." Rather, it is safer to view these behaviors as part of a continuum of potentially learned vocal behaviors. In contrast, for human vocal behavior, many scientists as well as the lay public often make a sharp distinction between song and speech, and they contrast the latter with language in a more general sense (cf. Fitch 2000 (cf. Fitch , 2006a . For vocal-learning birds, scientists often do not make such a distinction: even "talking birds" are producing "song," regardless of its semantic meaning or lack thereof. Part of the reason is that the behavioral defi nitions of the vocalizations in animal models are more often based on the role of the brain pathways that control them, more than simple distinctions in the behavior. In songbirds, the same brain pathway is involved in production of song, learned calls, and human speech (Simpson and Vicario 1990; Jarvis 2004) . We hypothesize that the difference in "singing," "calling," and "speaking" in vocal-learning birds may be in how the so-called song control brain pathways are used, not the pathways themselves. In humans it is not clear if the same brain pathways are used for producing (and perceiving) song and speech, but the latest evidence suggests that the brain areas for speaking and singing show considerable overlap (Brown et al. 2004) . Thus, to be conservative, in the absence of evidence showing distinct brain pathways, when we refer to "learned vocalizations" in song-learning birds as well as in humans, we are referring to all learned vocalizations, whether they are labeled song, calls, speech, or simply complex vocalizations. This may take some getting used to, and thus in the following discussion we offer more specifi c defi nitions and justifi cations.
Convergent Evolution and Deep Homology
Regarding the evolution of vocal learning (Figure 20 .1), the overwhelming consensus is that humans and two, if not all three, of the song-learning bird lineages evolved vocal learning convergently, since there are so many other closely related birds and mammals without the trait, including nonhuman primates (Janik and Slater 1997; Jarvis 2004; Suh et al. 2011) . This implies that the common ancestor of birds and mammals was not a vocal learner, and thus bird and human "song" is not homologous. It also means that the common ancestor of all vocal-learning birds was probably not a vocal learner (Figure 20.1a) . This repeated, independent evolution of a functionally similar trait-complex vocal learning-means that convergent evolution could be a powerful route for understanding constraints on evolved systems and for testing hypotheses about evolution. Birdsong has provided rich insights on both counts.
Despite their independent evolution, the human and avian end state (learned vocalizations) appears to have entailed fundamental similarities at the behavioral and biological mechanistic levels (Doupe and Kuhl 1999; Jarvis 2004). For example, both song-learning birds and humans go through a " babbling" stage of variegated vocalizations early in life as an infant, and this appears to be necessary for adequate vocal learning (Marler and Peters 1982; Doupe and Kuhl 1999) . Similarly, it has been hypothesized that vocal learning entails the evolution of direct connections from the motor cortical regions to the motor neurons in the brainstem that control the vocal organs, because humans and all three song-learning bird groups have such connections, whereas nonhuman primates and other vocal-nonlearning mammals and birds tested to date do not (Figure 20 Similarly, both song-learning birds and humans have functionally similar forebrain areas hypothesized to be necessary for acquiring and producing learned vocalizations. Such forebrain areas cannot be found in vocal-nonlearning mammals and birds tested to date. Further, in the vocal-learning birds, these brain regions consist of seven nuclei each and are connected by similar, but not identical, networks (mostly studied in songbird and parrots; Jarvis 2004). To explain such striking convergent similarities, recent fi ndings have revealed that the song-learning forebrain pathways in all three vocal-learning bird groups and the speech-song brain regions in humans are all embedded within or adjacent to a motor forebrain pathway that is proposed to be homologous (at least among birds, reptiles, and mammals), indicating a possible neural deep homology in motor learning pathways for evolution of vocal learning (Brown et al. 2006b; Feenders et al. 2008) . In this sense, deep homology is similar to the independent evolution of wings from the upper limbs. That is, the brain pathways for vocal learning among distantly related species are apparently not homologous in that they were not inherited from a common ancestor, but the (Murphy et al. 2007; Spaulding et al. 2009 ). The relationships among bats, dolphins, and carnivores (cat, dog, and seal) vary among studies. The trees are not intended to present the fi nal dogma of mammalian and avian evolution, as there are some signifi cant differences among studies and scientists.
motor pathway circuit from which they may have independently emerged may be a homolog, inherited from their common ancestor. Finally, and surprisingly, it appears that some aspects of birdsong depend on similar genetic and developmental mechanisms, providing an example of genetic deep homology. A well-known example is the role of the FoxP2 gene in human speech and birdsong learning (Fitch 2009a; Scharff and Petri 2011) . Natural FOXP2 mutations in humans and suppression of FoxP2 in the striatal song nucleus in songbirds prevent accurate song imitation. These add to the now widely appreciated examples of deep homology for other traits, Left hemispheres are shown, as this is the dominant side for language in humans and for song in some songbirds. Yellow regions and black arrows indicate proposed posterior vocal pathways; red regions and gray arrows indicate proposed anterior vocal pathways; dashed lines depict connections between the two vocal pathways; blue denotes auditory regions. For simplifi cation, not all connections are shown. The globus pallidus in the human brain, also not shown, is presumably part of the anterior pathway as in nonvocal pathways of mammals. Basal ganglia, thalamic, and midbrain (for the human brain) regions are drawn with dashed-line boundaries to indicate that they are deeper in the brain relative to the anatomical structures above them. The anatomical boundaries drawn for the proposed human brain regions involved in vocal and auditory processing should be interpreted conservatively and for heuristic purposes only. Human brain lesions and brain imaging studies do not allow functional anatomical boundaries to be determined with high resolution. Scale bar: ~7 mm. Abbreviations are listed in Appendix 20.1. such as the HOX and PAX6 genes for independent evolution of body segments and eyes, respectively (Gehring and Ikeo 1999; Pearson et al. 2005; Fernald 2006; Shubin et al. 2009 ). They also indicate that deep homology may play an important role in repeated convergent evolution for complex traits, reinforcing the value of birdsong as a model for human vocal learning. Below, we provide a detailed review of these similarities and differences in birdsong and human behavior and neurobiology. We begin with defi nitions and a discussion of animal models of vocal learning. We then review the history of birdsong as a model for human speech, focusing on the human and avian comparisons most relevant to students of language evolution. We briefl y compare the specialized features of birdsong and speech learning, and provide an up-to-date overview of the comparative neurobiology and genetics of birdsong and human speech. We close by discussing motor theories for the convergent evolution of vocal-learning systems within different groups of birds and with humans. Convergent evolution provides a powerful source of ideas to test hypotheses about the evolution of spoken language at functional and mechanistic levels.
Animal Models of Vocal Learning

Defi ning Vocal Learning
There are multiple types and variable degrees of vocal learning in vertebrates (Janik and Slater 1997; Janik 2000) . Most vertebrates are able to control (inhibit) vocal production voluntarily to some extent (Lane 1960; Sutton et al. 1973) . Many species show "audience effects" in which the presence or absence of conspecifi cs affects vocalization (Gyger 1990; Evans and Marler 1994; Slocombe et al. 2010) . Thus, in most vertebrates, production of species-typical vocalizations is not simply "refl exive" or automatic. However, the acoustic structure of such vocalizations is mostly innate.
We defi ne innate to mean "reliably developed or canalized in a particular species" (Ariew 1999) and use instinct to denote those behavior patterns that are innate. By this very inclusive defi nition, "innate" is not dichotomous with "learned," and thus birdsong researchers have typically discussed song acquisition as resting upon an "instinct to learn" (Marler 1991) . This is simply to say that, although a behavior may be learned, the learning mechanism itself may be, and indeed to some extent must be, innate. An innate predisposition to learn speech has also been recognized, since Darwin, to be present for spokenlanguage acquisition in humans (Darwin 1871; Lenneberg 1967; Locke 1995) .
Employing these defi nitions, we can categorize some of the vocalizations produced by every known species as innate. A human baby does not need to learn to cry: the behavior is present at birth and a child requires no previous auditory input, including the hearing of others cry, to generate crying sounds.
Similarly, smiling is an innate facial display (Eibl-Eibesfeldt 1973) . Again, to say that these displays are innate does not deny that learning will be involved in the deployment and use of smiling or crying later in life. It only affi rms that the basic form and meaning of these signals is part of the reliably developing birthright of every normal human child. We refer to such signals as innate signals. By current information, most of the vocalizations produced by common mammals are innate: dogs bark and growl, cats meow and purr, macaques coo, and squirrel monkeys peep, trill, and twitter without a need for prior auditory input of such sounds (Newman and Symmes 1982; Romand and Ehret 1984; Owren et al. 1993; Arch-Tirado et al. 2000) .
Such innate vocalizations can serve as the basis for various types of learning other than vocal learning. For instance, in a type of auditory learning, termed comprehension learning by Janik and Slater (2000) , listeners can learn to associate innate vocalizations produced by others with their identity, mood, or intentions. Animals can also learn that producing certain innate vocalizations leads reliably to certain outcomes (e.g., a cat learns to direct meows to a human to elicit a food reward or a dog barks to be let out); this form of social learning is termed usage learning (Janik and Slater 2000). In addition, at least some aspects of the call morphology of an innate vocalization (e.g., its pitch, loudness, or duration) may be varied by the animal depending on context; this is called production learning (Janik and Slater 2000) . The latter can be seen as a very simple example of "vocal learning," which takes as a starting point an innately given vocalization of a particular form, with minimal adjustment to the acoustic features of the sounds. This ability was recently shown in mice; under social sexually competitive conditions, males will imitate the pitch of each others' ultrasonic songs (Arriaga et al 2012) . Here, we refer to this type of vocal learning, based on small modifi cations of innate species-typical calls, as limited vocal learning (Arriaga and Jarvis 2013).
Some vocalizations produced by some species are not in the limited vocallearning subcategory, but actually duplicate complex novel sounds heard in the environment. The most striking examples are "talking" birds, dolphins, or seals (Janik and Slater 1997). When raised with humans, typically from a young age, these species begin to produce imitations of sounds in their environment that are not part of their innate, species-typical repertoire. We defi ne the capacity for this type of vocal learning here as complex vocal learning: the ability to imitate novel sounds from the environment which are not part of an innate repertoire. This capacity is also often termed vocal mimicry, when animals imitate other species or environmental sounds, or simply vocal learning, when they imitate only their own species' repertoire. The latter term, however, might be misinterpreted to suggest that there are no learned modifi cations to innate calls, which, as the examples above show, is incorrect. The distinction between simple and complex vocal learning made above should help resolve such misinterpretations. When learned vocalizations occur in a sequence, we call the individual sound units syllables. When the learned vocalizations sometimes occur in isolation, we refer to them as calls. In this regard, both calls and syllables can be learned or innate.
Complex Vocal Learning Is Sparsely Distributed among Species
Using the defi nitions above, the capacity for complex vocal learning is very sparsely distributed throughout the animal kingdom (Figure 20.1) . By far the most numerous in terms of species are song-learning birds (Kroodsma and Baylis 1982; Jarvis 2004) . These include oscine songbirds of the suborder oscine passerines; parrots of the order Psittaciformes, also well-known vocal mimics; and hummingbirds of the suborder Trochili of order Apodiformes, which are the least studied.
A number of marine mammals are known to be capable of complex vocal learning, though in many cases the evidence is sparse enough to leave room for doubt (Schusterman 2008) . These include cetaceans ( whales and dolphins). Baleen whales, particularly humpback whales (Megaptera novaeangliae), sing long, complex songs that are shared in local regional " dialects" and which change over time; baleen whales are thus considered excellent vocal learners (Payne 2000). As shown by experiments in captivity, toothed whales such as dolphins, killer whales and belugas have the capacity to imitate novel sounds from their environment, have dialects and song sharing, and can imitate speech, respectively (Eaton 1979; Richards et al. 1984; Ford 1991; Ridgway et al. 2012) . The marine group also include pinnipeds (seals, sea lions and walruses), which show abundant indications of the capacity for vocal learning (Schusterman 2008), including harbor seals (Phoca vitulina) which in two cases imitated human speech (Ralls et al. 1985) . Based on the existence of local dialects (Van Parijs 2003) , most phocids ("true" or "earless" seals) may be vocal learners, but vocal learning in this group remains little studied.
The most recent evidence for complex vocal learning in other mammalian species comes from bats, particularly the sac-winged bat Saccopteryx bilineata (Knörnschild et al. 2010) , and elephants (Poole et al. 2005) . There is good evidence for complex vocal learning in Asian elephants based on the production of whistling in human-raised individuals (Wemmer et al. 1985) and an elephant in Korea that imitates human speech (Stoeger et al. 2012) .
Among primates, the capacity for complex vocal learning appears to be limited to humans (Janik and Slater 1997; Egnor and Hauser 2004; Fitch 2000 Fitch , 2006b . Repeated experiments in apes raised among humans show a nearly complete lack of a capacity to learn to produce human speech (Yerkes and Yerkes 1929; Hayes and Hayes 1951) . Recent suggestions of call usage learning and simple production vocal learning in chimpanzees, macaques, and marmosets (Crockford et al. 2004 ) do not change this conclusion, since the usage learning does not involve acoustic changes to the calls and the simple production vocal learning involves pitch modifi cations of species-typical calls or nonvocal but acoustic facial gestures (Reynolds Losin et al. 2008) . One published suggestion of complex vocal learning in macaques (Masataka and Fujita 1989) failed to be replicated (Owren et al. 1993) . Thus, according to present knowledge, humans are the only primates capable of complex vocal learning. This indicates that the capacity for complex vocal learning in our species is a recent evolutionary acquisition, which appeared sometime in the last six million years or so, since our evolutionary divergence from chimpanzees (Fitch et al. 2010 ).
Complex Vocal Learning Is Crucial for Speech and Song Acquisition and Production
Unlike crying or laughter, the specifi c vocal sound sequences produced during speech or song are learned from the child's environment. This is not to deny some innate constraints on the phonetics of speech or the range of sounds used in song. The existence of the International Phonetic Alphabet and musical notation capable of transcribing much of the world's music demonstrates that there are fi nite limits on the sounds used in speech and song (Jakobson et al. 1957) . However, there is no truth to the widespread urban legend, often unfairly attributed to Jakobson (1968) , that a babbling baby produces all the phonemes of all the world's languages: Many detailed studies show that infants produce a rather limited and stereotypic selection of phonemes during babbling (Vihman 1986; Oller and Eilers 1988; Locke 1995; MacNeilage 1998) . Similarly, although the capacity to produce pitched sounds is clearly innate in humans, the selection of pitches that are considered musically appropriate is highly culture dependent and differs signifi cantly among the world's musical traditions (Ellis 1885).
Even more important, the sequences into which individual syllables or notes are arranged into words or melodies in speech and music are extremely variable among cultures. Therefore, every normal child must learn the words and melodies typical of its local culture. This learning is necessary for both music and language to be indefi nitely extensible systems, making "infi nite use of fi nite means," and locally intelligible and shared within a culture. Indeed, the "infi nitely productive" and "culturally shared" aspects of language have been offered as defi ning the "design features" of language by Hockett (1966) and of music by Fitch (2005) . In fact, a strong distinction between learning and production of human speech and song breaks down from a neural or comparative viewpoint, because both behaviors may be different ways of expressing the same specialized evolved mechanisms for vocal learning. We hypothesize this to be the case, whether discussing neural mechanisms for production of song in humans with or without words. That is, complex vocal learning in humans is also a necessity for the culture-specifi c fl exibility required to produce human speech and song.
Calls versus Songs
As mentioned above, calls, syllables, song, and speech or spoken language provide a continuum or spectrum of vocalization types. Most birds have a clear distinction in their vocal repertoire between calls, which are typically short, discrete vocalizations that are often but not always innate, and songs, which are more complex vocalizations that are rhythmic, often tonal, graduating from one syllable form into another, and are typically learned (Catchpole and Slater 2008) . The cluck of a chicken or the quack of a duck would be classifi ed as calls, as would the whistled alarm call of a blackbird or American robin. However, the long, complex learned vocalizations by either of the latter two species are termed, both colloquially and by scientists, song. One should not assume that if a call is produced in a vocal-learning species that it is innate. Male zebra fi nches produce learned calls (Simpson and Vicario 1990) , and crows (a songbird) as well as budgerigars (a parrot) make many learned calls (Marler 2004; Tu et al. 2011) . Whereas for songbirds this distinction is often relatively clear, there are many diffi cult cases in other bird clades: Should a rooster's crowing be termed "song"? What about the unlearned territorial or courtship vocalizations sung by males of many suboscine bird species?
We use the term song to refer only to complex learned vocalization, of the type exemplifi ed by birdsong and human singing (cf. Fitch 2006b), and innate song to refer to limited learned or nonlearned vocalizations of the type exemplifi ed by suboscine songbirds and some nonhuman primates (e.g., gibbon "song"). The latter also includes laughter or crying (which is part of the innate vocal repertoire of humans). According to these defi nitions, the main difference between human "song" and "speech" is simply that speech conveys complex propositional meanings, based on a concatenation of meaningful lexical items (words), whereas song without lyrics often does not. From the point of view of vocal control and vocal learning, these are secondary differences. Thus the musical distinctions between songs with lyrics (marrying music and language), scat singing (musically employing complex semantically meaningless syllables like "shoo be doo be"), and simple humming or chant with a fi xed vowel are all variations of a broader behavior in the current discussion; that is, they are all simply "song" by our defi nition.
Birdsong as a Model System for Human Speech History
The basic facts that complex vocal imitation is present in human speech and songbird song have long been recognized, as noted by Aristotle in 350 BC (Book IV, part 9 "Voice," p.111):
Of little birds, some sing a different note from the parent birds, if they have been removed from the nest and have heard other birds singing; and a mother-nightingale has been observed to give lessons in singing to a young bird, from which spectacle we might obviously infer that the song of the bird was not equally congenital with mere voice, but was something capable of modifi cation and of improvement.
Darwin (1871:43) was also aware of these facts:
Birds imitate the songs of their parents, and sometimes of other birds; and parrots are notorious imitators of any sound which they often hear.
He went further to suggest that birds provide an excellent model for the human instinct to learn speech (Darwin 1871:53):
The sounds uttered by birds offer in several respects the nearest analogy to language, for all the members of the same species utter the same instinctive cries expressive of their emotions; and all the kinds which sing, exert their power instinctively; but the actual song, and even the call-notes, are learnt from their parents or foster-parents.
The modern study of birdsong learning began with the observation that birds raised in the laboratory will, in many cases, learn the songs from this environment, even if they are produced by singers of other species (Thorpe 1956 (Thorpe , 1958 . With the advent of tape recorders, this became a powerful tool to investigate the mechanisms underlying vocal learning, and indeed learning in general (Marler and Peters 1977; Nottebohm 1968 Nottebohm , 2006 )-one whose potential has not even come close to being exhausted.
Vocal-Learning Birdsong Species
The vocal-learning bird species comprise nearly half of all ~10,400 living bird species (Figure 20.1a) : oscine songbirds (~4000 species), parrots (~372), and hummingbirds (~338) (Jarvis 2004; Marler and Slabbekoorn 2004; Osburn 2004) . Many familiar birds, including close relatives of the vocal learners, do not appear to learn their songs, including suboscine songbirds (close relative of songbirds), falcons (possible close relative of parrots), pigeons (close relative of hummingbirds), as well as ducks, chickens, owls, seagulls, and hawks (Nottebohm and Nottebohm 1971; Kroodsma and Baylis 1982; Kroodsma and Konishi 1991) . Many other clades have, however, been relatively unstudied, and it possible that there are a few more vocal learners out there to be discovered. The same can be said about mammals (Figure 20.1b) . There are also sex differences. In songbird species that live in temperate climates away from the equator, learned songs are primarily sung by males during the breeding season. However, the vast majority of songbird species live nearer to the equator in tropical zones. In these species, both males and females often learn how to sing (Morton 1975).
Variation in Complexity
There are considerable differences in the complexity of songs in different bird species. Among songbirds, the zebra fi nch (Taeniopygia guttata) has become the most common laboratory model species for song learning, where the male learns how to sing and the female does not. Other species that have been intensively studied include Bengalese fi nches (Lonchura striata), nightingales (Luscinia megarhynchos), and canaries (Serinus canarius); in the latter, both males and females sing, although males sing more frequently (Marler and Slabbekoorn 2004; Zeigler and Marler 2004) . Among parrots, most laboratory work has been done on budgerigars (Melopsittacus undulatus), and behavioral work has included African Gray parrots (Jarvis et al. 2000; Pepperberg 1999 ). These "model species," of course, represent only a tiny proportion of known vocal-learning species.
Zebra fi nches, chaffi nches, and chickadees all have relatively stereotyped and repetitive songs, which made them well suited for acoustic analysis. However, there are many examples of birds with complex songs or calls (e.g., canaries, starlings, nightingales, mockingbirds, budgerigars, and many other parrots), including hierarchically structured and less predictable songs (Farabaugh et al. 1992; Catchpole and Slater 2008; Tu et al. 2011 ). The same is true for different species of hummingbirds (Ferreira et al. 2006) . For some of these species, the complexity poses signifi cant problems in terms of data analyses. For instance, the brown thrasher (a North American mimic thrush, closely related to the mockingbird) has so many different song types that even with extended recording, new syllables continue to appear (Kroodsma and Parker 1977) . The same is true for budgerigar warble song (Farabaugh et al. 1992 ). To date, no one has been able to record the upper limit for different syllable types and songs of these species. This means that even the simple question of song repertoire size needs to be estimated asymptotically, exceeding 1500 different song types for the thrasher (Kroodsma and Parker 1977; Boughey and Thompson 1981) . Literally tens of thousands, if not millions, of spectrograms may need to be investigated in such species to allow for a quantitative, tokentype of analysis. This, of course, means that we know much more about the structure of song in simple singers with one to three song types, such as the zebra fi nch, than in complex singers with thousands. "Syntax," " Semantics," and " Phonology" in Birdsong Given the broad analogy between speech and birdsong, it is tempting to try to adopt fi ner-grained distinctions from linguistics to the study of birdsong (Marler and Peters 1988; Yip 2006) . In particular, the term syntax is often used by birdsong researchers to refer to any set of rules that structures the arrangement of elements (Marler and Peters 1988; Honda and Okanoya 1999) . For example, we can discuss the syntax of a programming language, where a colon or semicolon may be allowed or required in certain places, and this is independent of the question of the meaning or lack thereof of the phrase. Thus, any system that determines whether a particular string or utterance is "well formed" can be termed syntax, irrespective of any issues of meaning. It seems unlikely that there is an equivalent in birdsong of the way in which syntax grounds the unrestricted compositionality of semantics in human language. However, changes do exist in the "meaning" with variation of individual song phrases. For example, it was long thought that black-capped chickadee calls were innate vocalizations without meaning, until it was discovered that their alarm calls are made up of song syllables, that different sequences of syllables designate different types of predators, and the number of specifi c syllables designate relative predator size (Templeton et al. 2005) . Similarly, it was once thought that the socially directed and undirected songs of zebra fi nches, which have small differences in pitch variability not easily noticed by humans, if at all, were not so important, but they are recognized as important by listening females (Woolley and Doupe 2008) and have dramatic differences in brain activation (Jarvis et al. 1998; Hessler and Doupe 1999) . For the most part, the more complex the syntax, the more attractive the song to the opposite sex; this "meaning," however, is not compositional in the way that language is. Thus, the traditional term song seems more appropriate than bird language for most learned song.
Determining the distinction between syntax and phonology is more challenging. In language, the set of rules underlying the arrangement of meaningless units, such as phonemes and syllables, into larger wholes is termed phonology. The arrangement of morphemes (minimally meaningful units) into more complex multipart words is termed morphology, whereas the arrangement of meaningful words into hierarchically structured phrases and sentences is termed syntax. It is now clear, however, that the distinction between morphology and syntax varies considerably between languages: some languages use morphology to serve the same expressive purpose that syntax serves in other languages (Carstairs-McCarthy 2010) . Thus, today, many linguists lump together, under the term morphosyntax, all arrangements of meaningful units into larger, still meaningful structures (e.g., Payne 1997). It remains unknown if birdsong has a direct equivalent of morphosyntax with meaning. At a minimum, a low level of morphosyntax seems possible in African Gray parrots, as seen in the studies of Alex (Pepperberg 1999; Pepperberg and Shive 2001): Alex was able to combine individually learned spoken words into new meanings, at a rudimentary level similar to that of a two-to three-year-old human child.
Marler and Peters (1988) used the term "phonology" to describe withinsyllable structure in birdsong, essentially syllable identity, whereas they used "syntax" to denote the arrangement of syllables into whole songs. Because song syllables in many species are surrounded by small silences, during which the bird takes a "mini-breath" (Calder 1970) , it is quite easy to demarcate objectively individual syllables in most birdsongs. Marler and Peters used learning of conspecifi c and heterospecifi c song to show that song sparrows (Melospiza melodia) choose which songs to attend to and imitate based both on phonology (syllable types) and syntax (trilled two-segment songs).
In evaluating the appropriateness of the term "phonology" in birdsong, phonologist Moira Yip concludes that most aspects of human phonology have never been investigated in birds (Yip 2006) . Thus it seems appropriate, at present, to recognize the phonology/syntax distinction in birdsong, as used by Marler and Peters, while recognizing that fundamental differences in the interpretation of these terms may exist between humans and birds. The same might be said of human speech and song, where syntax and semantics have defi nitions idiosyncratic to musical structure (Koelsch et al. 2004 ).
The Development and Adaptive Function of Birdsong
With over 4000 oscine passerine species, it is diffi cult to draw valid generalizations from one or two songbird species; for virtually every rule, one might identify exceptions. By comparison, there are only ~5490 species of mammals (Osburn 2004). Below we expand on some of this diversity in song behavior for songbirds.
A Prototypical Songbird
For clarity we begin with a fi ctitious "typical" temperate songbird (loosely modeled on a song sparrow; Marler and Slabbekoorn 2004) and use this to explore some of the diversity of songbirds. In such species, only males sing, and there is a "critical period" for song learning: the young male must be exposed to conspecifi c song during a distinct and limited period if he is to sing properly as an adult. In many species, what the male learns during this critical period then "crystallizes," becoming largely fi xed and invariant in the adult. Since in temperate regions, singing occurs mostly during the spring breeding season, for some species a young male fi rst hears conspecifi c song while still a nestling or fl edgling (typically from his own father and neighboring males) and will produce little song himself, until almost a year later, just before the next breeding season. Thus there can be a long time lag between the memorization of the auditory "template" that he will copy and the motor behavior of plastic and variable song that precedes crystallization during which his imitation is perfected.
Experiments in which birds are deafened at various ages show that hearing is necessary during both the initial exposure (obviously, since the songs are learned) and later during sensorimotor learning, when the bird practices singing (Konishi 1964) . Furthermore, audition is needed to produce proper babbling-like subsong, indicating that auditory feedback is required to develop the proper motor control (Marler and Peters 1982) . This fact led to the proposal that birdsong represents a cross-modal fusion of auditory and motor signals and the suggestion that song perception is in some way dependent on neural activity in motor pathways (Katz and Gurney 1981) , an idea that contributed to the "motor theory of song perception" for birdsong (Williams and Nottebohm 1985) . Once the bird's song has "crystallized," however, deafening has much less effect. Nonetheless, even during adulthood, auditory feedback plays a role in the long-term maintenance of proper adult song, as deafening in adults leads to long-term deterioration of song acoustic structure and syntax (Leonardo and Konishi 1999). All of these properties are similar to what happens in humans (Waldstein 1990), but not in nonhuman primates (Egnor and Hauser 2004) , although humans can use somatosensory feedback to recover some speech after being deaf (Nasir and Ostry 2008) .
With this mental prototype in hand, we can describe some of the important variance among bird species in their song behavior. Species can be found which differ from essentially every aspect of the "model temperate songbird" just described. These differences make possible one of the most valuable aspects of birdsong as a model system, because we can use the variation among species as a probe to understand the mechanisms, developmental basis, and evolutionary function of different aspects of song.
Open-Ended and Closed-Ended Learners
One important, and common, difference from our prototype is that many songbirds continue to learn new song material as adults (Nottebohm 1981) . For example, canaries typically add seasonally new song syllables to their repertoire every year, with the greatest addition occurring in the fall, before the breeding season. This is one of the most fascinating examples where the study of birdsong has led the way in neuroscience, in this case leading to the rediscovery of adult neurogenesis (i.e., the birth of new, functional neurons in the adult brain; Nottebohm 2006). It was later discovered that in both birds and mammals, the levels of neurogenesis correlates more with use of the brain pathway than learning plasticity, and that both closed-ended and open-ended vocal learners have continued neurogenesis throughout life (van Praag et al. 1999; Li et al. 2000) . Although canaries are probably the beststudied of the open-ended learning species, many other songbirds continue to learn throughout life; starlings are a prominent example (Hausberger et al. 1995; Eens 1997) . Open-ended learning abilities also appear to typify parrots, who can learn new contact calls and, for some, human speech as adults (e.g., Farabaugh et al. 1994; Pepperberg and Shive 2001) . In reality, although openand closed-ended learning is discussed as a dichotomous variation in vocallearning behavior, differences between species appear to be more continuous.
No clear explanation has yet been discovered as to what determines the differences of species on the continuum from closed-to open-ended complex vocal learning. For example, there is no difference in the presence or absence of song nuclei, no gross differences in song nuclei connectivity in zebra fi nches and canaries, and no clear differences in brain size (DeVoogd et al. 1993; Vates et al. 1997) . There is some evidence, however, that the relative sizes of the song nuclei (particularly HVC) to brain size or the relative sizes of song nuclei to each other are correlated with repertoire size, and that increased repertoire size is correlated with opened-ended abilities (DeVoogd et al. 1993; Zeng et al. 2007 ). These fi ndings have been debated, particularly within species (Gil et al. 2006; Leitner and Catchpole 2004; Garamszegi and Eens 2004) . Regardless of the mechanism, larger repertoire sizes and song syntax variation appears to be more attractive to the listening female, and thus enhance chances of mating and passing genes to the next generation.
Other Variation in Song Behavior: Female Song and Duetting
It has become increasingly clear that the prototype sketched above is biased by the fact that most of the well-studied songbird species live in temperate regions, where many scientists live and where seasonality and male-only song are the general rule. Exceptions include female cardinals in North America, who defend winter territories with song (Ritchison 1986) and learn song three times faster than males (Yamaguchi 2001). In nonmigratory tropical birds, particularly those in dense forest, females often sing with males in duets, or closely coordinated two-voice songs produced by a mated pair (Langmore 1998; Riebel 2003) . In a few species, females sing on their own during the mating season, and this singing seems to serve as courtship for males (e.g., alpine accentors; Langmore 1996). Starlings are another well-studied species where female song is typical (cf. Hausberger et al. 1995) . Morton (1975) has hypothesized that vocal learning in songbirds fi rst evolved in both sexes in equatorial zones, much like what is thought to have occurred in humans; then, as populations speciated and moved away to temperate zones, the more unstable environments selected for a division of labor and thus caused the loss of song by females. In those species where females may have lost the trait, females still select males based on the complexity of their songs.
Dialects in Birdsong
Whenever there is complex vocal learning in a species, there is a strong potential to evolve dialects, even very different repertoires. These dialects are usually geographically defi ned and culturally transmitted locally, whether they occur in songbirds, whales, or humans. For humans, when the dialects become so different that they are not understood by different populations, the different dialects are called different languages. An analogous distinction is made between different song repertoires for song-learning birds. This type of difference was already noted by Darwin (1871:54):
Nestlings which have learnt the song of a distinct species, as with the canarybirds educated in the Tyrol, teach and transmit their new song to their offspring. The slight natural differences of song in the same species inhabiting different districts may be appositely compared, as Barrington remarks, "to provincial dialects"; and the songs of allied, though distinct species may be compared with the languages of distinct races of man.
Since Darwin's time, birdsong dialects have become one of the best-studied examples of "animal culture" (Galef 1992; Laland and Janik 2006; Fehér et al. 2008) , and the study of these dialects has become a scientifi c fi eld in itself (cf. Baker and Cunningham 1985) . One mechanism whereby dialects are thought to form is somewhat like gene evolution: cultural transmission of learned acoustic signals undergoes recombination and drift. Compared to gene evolution, cultural evolution can evolve much more rapidly, and thus complex vocal learners tend to have larger differences in their vocal repertoires among different populations than vocal nonlearners whose vocalizations are largely genetically determined. There is also some evidence that local dialects may be adapted to their local habitat (Nottebohm 1975) , which has been proposed to allow vocal learners to potentially adapt their vocalizations more rapidly in different environments (Jarvis 2006).
Comparative Neural and Genetic Mechanisms of Birdsong and Human Speech Avian and Mammalian Brain Organization
To compare the neural and genetic basis of birdsong with human spoken language, one must fi rst understand the similarities and differences in their brains. The classical century-old view of bird brain evolution was based upon a theory of linear and progressive evolution, where the vertebrate cerebrum was argued to have evolved in lower to higher anatomical stages with birds at an intermediate stage. As such, the avian cerebrum was thought to consist primarily of basal ganglia territories, and these were thought to control mostly primitive behaviors. This view, although slowly challenged, was not formally changed until [2004] [2005] , when a forum of neuroscientists reevaluated brain terminologies and homologies for birds and other vertebrates and published a new nomenclature to refl ect a modern understanding of vertebrate brain evolution (Reiner et al. 2004; Jarvis et al. 2005 ). This view proposes that the avian and mammalian cerebrums were inherited as a package with pallial (cortical-like), striatal, and pallidal regions from their stem amniote ancestor. The neuron populations of the avian (i.e., reptilian) pallial domain evolved to have a nuclear organization, whereas the mammalian evolved to become layered (Figure 20.3) . However, the different avian nuclear groups have cell types and connectivity similar to the different cell layers of mammalian cortex which, in both vertebrate groups, perform similar functions. The striatal and pallidal domains are organized more similarly between birds and mammals, and likewise perform similar functions in both groups. Using this revised view, we can now more accurately compare the brains of avian and mammalian complex vocal learners and nonlearners.
Comparative Birdsong and Human Vocal Communication Pathways
Overview of the Songbird Vocal-Learning Pathway
Only complex vocal learners ( songbirds, parrots, hummingbirds, and humans) have been found to contain brain regions in their telencephalon ( forebrain) that control production of vocal behavior ( (Durand et al. 1997; Vates et al. 1997 ). The avian 12 th motor neurons project to the muscles of the syrinx, the avian vocal organ. Vocal-nonlearning birds have DM and 12 th vocal motor neurons for production of innate vocalizations, but no projections to them from the arcopallium have been found (Wild 1994; Wild et al. 1997 ). The anterior nuclei are part of an anterior vocal pathway loop, where a pallial song nucleus (MAN-analog) projects to the striatal song nucleus (AreaX-analog), the striatal song nucleus projects to the dorsal thalamic nucleus (aDLM), and the dorsal thalamus projects back to the pallial song nucleus (MAN-analog; Figure 20 .2, gray arrows) (Durand et al. 1997; Vates et al. 1997 ). The pathway receives auditory input into HVC (Bauer et al. 2008) .
The posterior pathway nuclei, especially HVC and RA, are required to produce learned song (Nottebohm et al. 1976) . HVC is hypothesized to generate sequencing of song syllables and RA the acoustic structure of the syllables (Hahnloser et al. 2002) . For these reasons the posterior pathway is also called the vocal motor pathway. In contrast, the anterior song nuclei are not necessary for producing song, but are necessary for learning songs or making modifi cations to already learned songs (Scharff and Nottebohm 1991). Lateral MAN (LMAN) and its thalamic input, aDLM, is necessary for introducing variability into song, whereas Area X in the striatum (AreaX) is necessary for keeping song more stereotyped, when LMAN is intact (Scharff and Nottebohm 1991; Kao et al. 2005; Olveczky et al. 2005; Goldberg and Fee 2011) . The anterior pathway is thought to make these changes to song by its output to the motor pathway, from LMAN to RA and medial MAN (MMAN) to HVC (Figure 20.2) . In Table 20 .1 we review the similarities and differences in these song pathways of vocal birds with humans and other mammals at four levels of organization: connectivity, brain function through lesions, brain activation, and genes.
Connectivity
The connectivity of avian posterior song pathways is similar to mammalian motor corticospinal pathways (Figure 20 .3g). Specifi cally, the projection neurons of songbird HVC to RA are similar to layer 2 and 3 neurons of mammalian cortex, which send intrapallial projections to mammalian cortex layer 5 (Figure 20 (Kuypers 1958) . Amb projects to the muscles of the larynx, the main mammalian vocal organ (Zhang et al. 1995) , and is thus the mammalian parallel of avian 12 th vocal motor neurons. The monkey FMC does not project to Amb, but it does project to the hypoglossal nucleus and to other brainstem cranial motor nuclei, as found in humans. Birds also have an Amb that projects to a small larynx and which also receives a direct projection from RA in songbirds, but it is not known if this pathway controls vocalizations in birds. The hypoglossal nucleus in mammals and the non-tracheosyringeal part of the 12 th nucleus in birds controls tongue muscles (Wild 1994 (Wild , 1997 . In this manner, the direct projection from a vocal/song motor cortex to brainstem vocal motor neurons that control the syrinx and larynx has been argued to be one of the fundamental changes that led to the evolution of learned song in birds and spoken language in humans (Fischer and Hammerschmidt 2011; Fitch et al. 2010; Jarvis 2004; Jürgens 2002; Kuypers 1958; Simonyan and Jürgens 2003; Wild 1994 Wild , 1997 . However, recent experiments in mice have demonstrated that they do have a vocally active motor cortex region with layer 5 neurons that make a very sparse direction projection to Amb (Arriaga et al. 2012 ). This and related fi ndings have led to a continuum hypothesis of vocal learning and associated circuits, where the presence of the direct projection for vocal-learning behavior may not be an all or none property, but a continuous property with more complex vocal learners, such as humans and the known song-learning birds, having a denser projection than the limited vocal learners, like many other species (Arriaga and Jarvis 2013). The avian anterior vocal pathways are similar in connectivity to mammalian cortical-basal ganglia-thalamic-cortical loops (Figure 20.3) (Durand et al. 1997; Jarvis et al. 1998; Perkel and Farries 2000) . Specifi cally, the projection neurons of the MAN-analog is similar to intratelencephalic (IT) neurons of layer 3 and upper layer 5 of mammalian premotor cortex, which send two collateral projections: one to medium spiny neurons of the striatum ventral to it, and one to other cortical regions, including motor cortex (Figure 20. 3) (Jarvis 2004; Vates and Nottebohm 1995; Durand et al. 1997; Reiner et al. 2003) . The avian AreaX in the striatum has a pallidal cell type which, like in the mammalian internal globus pallidus (GPi), projects to the dorsal thalamus (aDLM). The aDLM then projects back to LMAN, closing parallel loops (Figure 20.3a, e) . Likewise, in mammals, the GPi projects to the ventral lateral (VL) and ventral anterior (VA) nuclei of the dorsal thalamus, which in turn projects back to layer 3 neurons of the same premotor areas that projected to the striatum, closing parallel loops (Figure 20.3g (Jacobson and Trojanowski 1975; Luo et al. 2001 ). Thus, vocal-learning pathways appears to follow a general design of motor learning and production pathways.
Brain Lesion Disorders of Vocal Learners
For the posterior pathway, bilateral lesions to songbird HVC and RA cause defi cits that are most similar to those found after damage to the human FMC, this being muteness for learned vocalizations such as song or speech (Nottebohm et al. 1976; Valenstein 1975; Jürgens et al. 1982; Jürgens 2002; Simpson and Vicario 1990) . There is also a dominant hemisphere for such an effect: the left side in canaries and humans, the right side in zebra fi nches (Nottebohm 1977; Williams et al. 1992) . Innate sounds, such as contact and alarm calls in birds or crying, screaming, and groaning in humans, can still be produced. In contrast, lesions to the arcopallium-where song nuclei would be expected to be located if they were to exist in vocal-nonlearning birds, or to the FMC in chimpanzees and other nonhuman primates-do not affect their ability to produce vocalizations nor apparently the acoustic structure (Kirzinger and Jürgens 1982; Kuypers 1958; Jürgens et al. 1982) . In noncerebral areas, lesions to avian DM of the midbrain and the presumed homologous vocal part of the mammalian PAG result in muteness in both learned and innate vocalizations; the same is true for avian 12 th and mammalian Amb vocal motor neurons in the medulla (Nottebohm et al. 1976; Jürgens 1994; Seller 1981) .
For the anterior song pathway, Jarvis proposed that lesions to songbird MAN cause defi cits that are most similar to those found after damage to parts of the human anterior cortex, including the anterior insula, Broca's area, DLPFC, and pre-SMA: disruption of imitation and/or inducing sequencing problems, but not the ability to produce already well-learned song or speech (reviewed in Jarvis 2004). In humans, these defi cits are called verbal aphasias and verbal amusias (Benson and Ardila 1996) . The defi cits in humans relative to songbirds, however, can be subdivided in a more complex fashion, which is unsurprising given that the original vocalizations in humans are more complex in acoustic structure and sequencing. Specifi cally, lesions to songbird LMAN (Bottjer et al. 1984; Kao et al. 2005; Scharff and Nottebohm 1991) or MMAN (Foster and Bottjer 2001) and lesions to the human insula and Broca's area (Benson and Ardila 1996; Dronkers 1996; Mohr 1976 ) lead either to a poor imitation with sparing (or even induce more stereotyped song or speech) or disruption of syntax production (as defi ned above for birds) or the construction of phonemes into words and words into sentences for humans (Benson and Ardila 1996) . In addition, lesions to DLPFC result in uncontrolled echolalic imitation, whereas lesions to the adjacent pre-SMA and anterior cingulate result in spontaneous speech arrest, lack of spontaneous speech, and/or loss of emotional tone in speech; imitation, however, is preserved (Barris et al. 1953; Rubens 1975; Valenstein 1975; Jonas 1981) . Within the basal ganglia, just as lesions to songbird AreaX cause song variability and stuttering (Kobayashi et al. 2001; Scharff and Nottebohm 1991) , lesions to the human anterior striatum can lead to verbal dyspraxic aphasias and stuttering (Mohr 1976; Benson and Ardila 1996; Lieberman 2000; Cummings 1993) . For the globus pallidus, well-defi ned lesions have been surgically generated in Parkinson's patients to alleviate motor symptoms; afterward, these patients show lexical verbal defi cits (spontaneous generation of words), which suggests a problem in selecting a spoken language-specifi c task (Troster et al. 2003) . Within the thalamus, in songbirds, lesions to aDLM lead to an immediate increase in song stereotypy similar to LMAN lesions (Goldberg and Fee 2011), whereas in humans, thalamic lesions can lead to temporary muteness followed by aphasia defi cits that are sometimes greater than after lesions to the anterior striatum or premotor cortical areas (Beiser et al. 1997) . Given these many parallels, we can consider such experimentally induced defi cits of the anterior song pathway in songbirds to represent " song aphasias."
Brain Activation
Brain activation studies support the parallels revealed by lesion and connectivity studies among vocal-learning birds and with humans. For these studies, neural activity recordings and MRI have been used in both humans and song-learning birds. In addition, the study of activity-induced immediate early genes (IEG), such as egr1 and c-fos, has been used in birds. Because the mRNA expression of these genes is sensitive to neural activation, they are able to provide a recent history of region-specifi c activation. In vocal-learning birds, all seven cerebral song nuclei display singing-driven expression of IEGs (Figure 20 .4a, singing) (Jarvis and Nottebohm 1997; Jarvis et al. 1998 Jarvis et al. , 2000 Jarvis and Mello 2000) . The singing-driven expression is motor driven, in that it does not require auditory or somatosensory input (Jarvis and Nottebohm 1997), and is associated with premotor neural fi ring in hearing intact and deaf animals (tested in four of the song nuclei) (Yu and Margoliash 1996; Hessler and Doupe 1999; Fee et al. 2004) .
Human brain imaging work often relies on the BOLD signal measured by fMRI, which indicates regional changes in blood fl ow associated with neural activation, in a manner akin to immediate early gene expression. In humans, the brain areas that are most comparable to songbird HVC and RA, which are always activated with speaking and singing (using PET and fMRI), are in or near the FMC, particularly the larynx representation (Figure 20 .4c, speaking) (Brown et al. 2004 (Brown et al. , 2007 Gracco et al. 2005) . Similar, although not identical, to songbird anterior pathway nuclei, other human vocal brain areas appear to be activated depending upon the context in which speech or song are produced. Production of verbs and complex sentences can be accompanied by activation in all or a subregion of the strip of cortex anterior to the FMC: the anterior insula, Broca's area, DLPFC, pre-SMA, and anterior cingulate (Crosson et al. 1999; Gracco et al. 2005; Papathanassiou et al. 2000 ; Poeppel 1996; Wise et al. 1999) . Activation in Broca's area, DLPFC, and pre-SMA is higher when speech tasks are more complex, including learning to vocalize new words or sentences, sequencing words into complex syntax, producing non-stereotyped sentences, and thinking about speaking (Hinke et al. 1993; Poeppel 1996; Buckner et al. 1999; Bookheimer et al. 2000) . Like song nuclei in birds, premotor speech-related neural activity is found in Broca's area (Fried et al. 1981) . Further, similar to HVC and song arrest, low threshold electrical stimulation to the FMC, Broca's area, or the anterior SMAs cause speech arrest or generation of phonemes or words (Fried et al. 1991; Jonas 1981; Ojemann 1991 Ojemann , 2003 . Repeated stimulation in LMAN during singing produces transient changes in amplitude and pitch (Kao et al. 2005) , which leads to a testable hypothesis of whether such changes would occur in human speech when there is repeated stimulation to Broca's area and other frontal regions active during speech production. In human noncortical areas, like the position of songbird AreaX, speech and song production are accompanied by highest activation (PET and fMRI) of the anterior striatum (Brown et al. 2004; Gracco et al. 2005; Klein et al. 1994 ) Further, in both songbirds and humans, singing and speech are accompanied by dopamine release, presumably from the midbrain dopamine neurons (SNC-VTA) into the anterior striatum (Sasaki et al. 2006; Simonyan et al. 2012) . Low threshold electrical stimulation to ventral lateral and anterior thalamic nuclei, particularly in the left hemisphere, leads to a variety of speech responses, including word repetition, speech arrest, speech acceleration, spontaneous speech, anomia, and verbal aphasia (but also auditory aphasia) (Johnson and Ojemann 2000) . The globus pallidus can also show activation during speaking (Wise et al. 1999) . In nonhuman mammals and in birds, PAG and DM, and Amb and 12 th , respectively, display premotor vocalizing neural fi ring (Dusterhoft et al. 2004; Larson et al. 1994; Zhang et al. 1995) and/or vocalizing-driven gene expression (Jarvis et al. 1998 (Jarvis et al. , 2000 Jarvis and Mello 2000) . These fi ndings demonstrate that it is not just cortical neurons that are involved in the production of complex learned vocalizations in humans or in songbirds, but rather an entire forebrain network, including parts of the cortex/ pallium, basal ganglia, thalamus, and brainstem.
The belief that vocal nonlearners do not have specialized forebrain areas that are active in the production of vocalizations was recently confi rmed for birds in a study (Horita et al. 2012 ) which showed specialized singing regulation of the dusp1 gene in forebrain song nuclei of songbirds, parrots, and hummingbirds, but not in the forebrain of vocal-nonlearning birds (Figure 20 .4b, for songbird only). In mammals, particularly in nonhuman primates, the anterior cingulate cortex projects indirectly to the vocal part of PAG, which in turn projects to Amb (Jürgens 2002). However, the cingulate cortex is not necessary to produce vocalization; instead, it is important in the motivation to vocalize in specifi c contexts (Kirzinger and Jürgens 1982; von Cramon and Jürgens 1983) . Recently, two studies using IEGs in marmosets (Miller et al. 2010; Simões et al. 2010 ) and a PET imaging study in chimpanzees (Taglialatela et al. 2011) identifi ed frontal cortical regions active with calling. These studies challenge the notion that nonhuman primates do not have forebrain vocal control regions outside of the cingulate cortex. However, these studies did not control for the affects of hearing oneself vocalize, and the IEG studies did not include silent controls. Further, the chimpanzee studies did not eliminate the possibility of coactivation with gesturing and only found activation with one call type: " attention getting calls." Thus, it is not yet clear if these cortical regions are motor control regions for vocalizations or for other aspects of behavior when the animals vocalize. Another study with IEG in mice found a primary layrngeal motor cortex region activated during ultrasonic song production, where lesions did not prevent production of vocalizations but resulted in more variable syllable production (Arriaga et al. 2012) . One possible explanation for these potential paradoxical fi ndings in nonhuman primates and mice is that these forebrain regions represent preadaptations for the evolution of vocal learning or that nonhuman primates may have lost part of the forebrain pathway necessary for vocal imitation (Simonyan and Horwitz 2011) and mice have a rudimentary functional vocal forebrain circuit that is part of the continuum (Arriaga and Jarvis 2013).
Taken together, the brain activation fi ndings are consistent with the idea that songbird HVC and RA analogs are more similar in their functional properties to the laryngeal FMC in humans than to any other human brain areas; the songbird MAN, AreaX, and aDLM are respectively more similar in their properties to a strip of anterior human premotor cortex, part of the human anterior striatum, and to the human ventral lateral/anterior thalamic nucleus.
Convergent Changes in Genes
One might naturally suppose that the convergently evolved behavioral and anatomical specializations for complex vocal learning in birds and humans are associated with different molecular changes of genes expressed in those forebrain regions, since they evolved independently. These might be novel genes, novel expression patterns, or novel changes in the coding sequence or regulatory regions of existing genes. There is, however, an important distinction between IEG expression (discussed above), which is a general brain-wide indicator of activation level, and gene expression patterns during development (which build vocal-learning circuits) or in learning (which specifi cally support vocal learning). In other domains of biology, it has become clear that even convergently evolved characters (like eyes in mice and fl ies, or wings in bats and birds) often rely upon homologous developmental mechanisms and are underpinned by identical genes. This phenomenon, termed deep homology, appears increasingly to be common in biology (Shubin et al. 2009; Carroll 2008) .
Recent genetic comparisons in birds and humans lend support to the hypothesis that deep homology also exists in the vocal domain (Feender et al. 2008; Fitch 2009a; Scharff and Petri 2011) . The fi rst involves the gene FoxP2, which codes for a transcription factor: a protein that binds to DNA and thus regulates other genes (Fisher and Scharff 2009). FoxP2 has two rare coding mutations found in humans, one of which is found in echolocating bats; such mutations are thought to be involved in the evolution of this gene's role in vocal learning and spoken language (Enard et al. 2002; Fisher and Scharff 2009; Li et al. 2007) . It is important to note that FoxP2 itself is a widespread, highly conserved gene found in all birds or mammals (not just in vocal learners). Changes in this gene, or in the timing and location of expression of the gene, appear to have complex downstream effects on a cascade of neural and genetic circuits that are tied to vocal learning. Thus, FoxP2 is neither "the gene for language" nor is it "the gene for vocal learning"; it is simply one component of a genetic pathway involved in vocal learning. What is surprising is that this genetic pathway appears to be at least partially shared between humans and birds.
In support of this hypothesis, FOXP2 heterozygotic mutations in humans cause speech dyspraxias (Lai et al. 2001) , the most famous case being members of the KE family, who suffer from a knock-out mutation in one copy of their FOXP2 gene (Vargha-Khadem et al. 2005 ). Affected family members are able to speak, but they are unable to sequence phonemes or even simple oral actions appropriately; thus they have diffi culty learning and producing clear speech. Their cognitive functions are affected, but not as dramatically as speech functions. FOXP2 expression is enriched in the human striatum, and the KE family has reduced anterior striatum volume (Teramitsu et al. 2004; VarghaKhadem et al. 2005) . However, there is no evidence that mice transfected with the human FOXP2 gene show enhanced vocal skills (Enard et al. 2009 ).
In songbirds, FoxP2 is also enriched in the striatum and is differentially up-regulated in AreaX during the vocal-learning critical period and downregulated in adults when they perform so-called practice undirected song (Haesler et al. 2004; Teramitsu et al. 2004; Teramitsu and White 2006) . Experimental suppression of FoxP2 expression in AreaX with RNA interference leads to inaccurate vocal imitation where, like the KE family, zebra fi nches can still sing, but they slur the imitation of individual syllables and do not imitate syntax accurately (Figure 20 .5c-f) (Haesler et al. 2007 ). The molecular role of FoxP2 is being heavily investigated, and current fi ndings indicate that in the brain it regulates molecules involved in the development of neural connectivity (Vernes et al. 2011) . Using genetic engineering it is possible to create neuronal precursor cells that express either the ancestral (chimpanzee-type) FoxP2 gene, or the novel human mutation. Cells expressing FoxP2 with the human mutation but not the chimpanzee version preferentially regulate the axon guidance gene Slit1, which plays a role in forming longdistance connections between neurons (Konopka et al. 2009 ).
Coincidentally, convergent down-regulation of Slit1 and up-regulation of its receptor Robo1 has been found in the RA analog of all three vocallearning orders of birds (Wang et al., unpublished) . Different splice variants of Robo1 mRNA, which are different combinations of parts of the RNA that make different variants of the proteins, are also enriched in human fetal frontal and auditory brain areas (Johnson et al. 2009 ). Mutations of Robo1 in humans are associated with dyslexia and speech sound disorders (Hannula-Jouppi et al. 2005) . Enriched expression of other interacting axon guidance genes, such as neuropilin 1, have been found with specialized gene expression in songbird and parrot HVC and NLC analogs (not tested in hummingbirds) (Matsunaga et al. 2008) . Specialized expression of these genes is not present in the forebrains of avian vocal-nonlearning species (ring doves and quails).
In summary, genetic studies show that there are broad overlaps in the molecular systems that underlie vocal learning in humans as well as in birds. The existence of deep homology in these systems is extremely fortunate, because it allows developmental neuroscientists to investigate genes initially uncovered in humans by studying birds in the laboratory: a much more tractable experimental system. Research on bird vocal learning will play an important role in understanding the genetic mechanisms which underlie vocal learning more generally for the simple reason that currently this is the only accessible model system in which complex vocal learning is present. These studies may indicate enriched gene regulation of the FoxP2 and Robo/Slit family of genes in vocal-learning species. In this regard, even though different vocal-learning birds and humans presumably evolved complex vocal learning independently, there might be constraints on which developmental circuits, and thus which genes, become co-opted for this behavior.
Ancestral Auditory System
Above we focused on the motor component of complex vocal-learning systems. This is because the motor component is specialized in vocal learners, whereas the auditory component is common among complex vocal learners and vocal nonlearners. Birds, reptiles, and mammals have relatively similar auditory pathways (Figure 20.6) (Carr and Code 2000; Vates et al. 1996; Webster et al. 1992) ; thus the auditory-learning pathway presumably existed before a vocallearning pathway emerged but was not suffi cient alone to drive complex vocal learning (Jarvis 2004 (Jarvis , 2006 . Carr and colleagues propose that the auditory pathway in each major tetrapod vertebrate group (amphibians, turtles, lizards, birds, and mammals) evolved independently of a common ancestor, in part because in the different vertebrate groups the cochlea nucleus in the midbrain developes from different neural rhombomeres (Christensen-Dalsgaard and Carr 2008) . The weaknesses of this hypothesis are that it is possible for homologous cell types to migrate and change rhombomere locations (Jacob and Guthrie 2000), and there is no known vertebrate group that does not have a forebrain auditory pathway.
The source of auditory input into the vocal pathways of complex vocallearning birds and humans remains somewhat unclear. For birds, proposed routes include (Bauer et al. 2008; Fortune and Margoliash 1995; Mello et al. 1998; Vates et al. 1996; Wild 1994 ):
• a shelf of neurons ventral to HVC into HVC, • anterior arcopallium cells called the "RA cup" into RA itself, • the thalamic nucleus ovoidalis (Ov) or the caudal mesopallium (CM) into the interfacial nucleus of the nidopallium (NIf), and • NIf dendrites in the primary forebrain auditory neurons L2.
For humans, the primary auditory cortex information is thought to be passed to secondary auditory areas ( Brodmann's area 21, 22, 37) and from there to Broca's area through arcuate fasciculus fi bers (Geschwind 1979), a hypothesis supported by diffusion tensor imaging experiments in humans (Friederici 2009b; Glasser and Rilling 2008) . Only one of these secondary auditory projections (from Brodmann's area 22) has been found in nonhuman primates, and this projection is moderate in size in chimpanzees but very thin in macaques relative to humans (Rilling et al. 2008) . These fi ndings have been used to support an additional hypothesis to the "direct connections" hypothesis already discussed; namely, that which is different between a species that can imitate vocalizations (humans) and those that cannot (nonhuman primates) is the absence in the latter of direct input from higher cortical auditory areas into anterior speech areas (reviewed in Fitch et al. 2010) . Bilateral damage to primary auditory cortex and Wernicke's area leads to full auditory agnosia: the inability to recognize sounds consciously (e.g., speech, musical instruments, natural noises; Benson and Ardila 1996). Damage to Wernicke's area alone leads to auditory aphasias, sometimes called fl uent aphasia, because the affected person produces uncontrolled nonsense-sounding sentences. One proposed reason for this symptom is that the vocal pathways may no longer receive feedback from the auditory system via the arcuate fasciculus. In songbirds, lesions to the analogous CM and caudal medial nidopallium (NCM) result in a signifi cant decline in the ability to form auditory memories of songs heard, but do not affect the ability to sing (Gobes and Bolhuis 2007). Thus far, no one has tested whether such lesions result in fl uent song aphasias (which would be best tested in a species that produces variable sequences of syllables) or in defi cits for song learning. In macaques, the auditory cortex appears to be able to help form short-term auditory memories; however, unlike humans, it has been proposed that the animals have weak long-term auditory memories (Fritz et al. 2005 ). This proposed difference in auditory memory has been suggested as another difference between vocal-learning and vocalnonlearning species. As yet, no one has tested whether such differences in auditory memory occur in vocal-learning and vocal-nonlearning birds.
In summary, the presence of cerebral auditory areas is not unique to vocallearning species. Thus it is possible that the primary and secondary auditory cortex brain regions involved in speech perception in humans and song perception in birds are an ancestral homologous system found in all tetrapod vertebrates. Potential differences between vocal-learning and nonlearning species may be the absence of a direct projection from the FMC (or songbird RA) to brainstem vocal motor neurons, the weakened form or absence of a direct projection from higher secondary auditory areas to frontal motor cortical areas, and possibly weaker formation of long-term auditory memories. To support or refute these hypotheses, more comparative analyses are needed in both vocal-learning mammalian and avian complex vocal-learning and nonlearning species.
A Motor Theory for Vocal-Learning Origin
Remarkably similar systems of cerebral vocal nuclei for production of complex learned vocalizations exist in distantly related birds and humans, pathways that are not found in more closely related vocal-nonlearning relatives. This suggests that brain pathways for vocal learning in different groups evolved independently from a common ancestor under preexisting constraints. Recent experiments suggest that a possible constraint is preexisting forebrain motor pathways: using behavioral molecular mapping, Feenders et al. (2008) found that in songbirds, parrots, and hummingbirds, all seven cerebral song-learning nuclei are embedded in discrete adjacent brain regions that are selectively activated by limb and body movements (Figure 20.4a, singing and hopping) . Similar to the relationships between song nuclei activation and singing, activation in the adjacent regions correlates with the amount of movement performed and is independent of auditory and visual input. These same movement-associated brain areas are also present in female songbirds which do not learn vocalizations and have atrophied cerebral vocal nuclei, as well as in vocalnonlearning birds such as ring doves. Likewise, in humans, cortical areas involved in the production of spoken language are adjacent to or embedded in regions that control learned movement behavior, including dancing (Brown et al. 2006b ). Based on these fi ndings, a motor theory for the origin of vocal learning has been proposed (Feenders et al. 2008:19): Cerebral systems that control vocal learning in distantly related animals evolved as specializations of a preexisting motor system inherited from their common ancestor that controls movement, and perhaps motor learning.
Other evidence for this hypothesis is that the connectivity of the surrounding movement-associated areas in songbirds is similar to anterior and posterior song pathways (Figure 20 .7a) (Bottjer et al. 2000; Feenders et al. 2008; Iyengar et al. 1999 ). The differences are that unlike HVC's projection to AreaX in songbirds, the adjacent nidopallium in zebra fi nches sends only a weak projection to the striatum, whereas the arcopallium adjacent to RA sends a strong collateral projection to the striatum (Bottjer et al. 2000) . These differences may refl ect fewer, or weaker, functional constraints on interactions between posterior and anterior motor pathways that underlie vocal learning (Jarvis 2004). Because mammalian nonvocal motor (posterior) and premotor (anterior) pathways follow a similar connectivity design, we propose that the evolution of vocal-learning brain areas for birds and humans exploited or "exapted" a more universal motor system that predated the split from the common ancestor of birds and mammals (i.e., in stem amniotes).
This preexisting forebrain motor pathway may represent a neural deep homology shared by vocal-learning systems, by analogy to the genetic deep homology discussed above. Just as the convergent evolution of wings in birds and bats co-opted the upper limbs, vocal-learning pathways among multiple bird and mammal clades would share a homologous common ancestral motor learning pathway, but are analogous in that they each could have evolved de novo from this pathway.
The proposed theory does not specify whether the forebrain vocal-learning systems formed by using a preexisting part of a motor pathway as a scaffold or duplicated a preexisting part of the pathway. However, it does not seem that a preexisting part of a motor pathway was lost. Rather, similar to gene evolution by gene duplication (Ito et al. 2007) , Jarvis and colleagues propose (Feenders et al. 2008 ) a mechanism of motor brain pathway duplication during embryonic development, whereby neural cells giving rise to motor pathways are replicated again, creating more cells, and then during differentiation are connected to vocal motor neurons of the brainstem (Figure 20.7) .
There are alternatives to this theory in birds. For example, the song control system of seven nuclei may have evolved from an auditory pathway which then became used for vocal motor behaviors or evolved de novo without infl uence from an adjacent pathway (Margoliash et al. 1994; Mello et al. 1998; Bottjer and Altenau 2010) . Support for these alternatives are that the descending auditory pathway has connectivity similar to the posterior song nuclei pathway and that brain areas around the anterior song nuclei show hearing song-induced IEG expression (Bottjer and Altenau 2010; Abe and Watanabe 2011). Weaknesses with this proposal, however, are that the descending auditory pathway is similar to descending motor pathways in the forebrain, and the studies above did not control for movement behavior. Feenders et al. (2008) showed that when some songbirds hear song playbacks in the dark, they hop around excitedly and show IEG expression adjacent to the song nuclei. Animals that sit still and hear the same song playbacks do not show any detectable IEG expression adjacent to the song nuclei, except part of the auditory shelf under HVC and cup of cells anterior to RA, which are only directly adjacent to song nuclei in songbirds.
The motor theory of vocal-learning origin is consistent with Robin Allott's (1992) "motor theory for language origin." Allot argued that language brain areas evolved from a preexisting motor neural system; however, he did not provide experimental evidence or fl esh out the anatomical or mechanistic details of this theory. Lieberman (2002) proposed that language areas evolved from a preexisting cortical-basal-ganglia-thalamic loop, for which he deemed the basal ganglia part as the reptilian brain. We now know, however, that (a) reptilian and avian cerebrums are not made up of just basal ganglia, (b) vocallearning birds have only part of the vocal-learning system in the basal ganglia, and (c) language brain areas involve more than just this loop (Jarvis 2004; Jarvis et al. 2005) . Farries (2001) and Perkel (2004) proposed in birds, and Jarvis (2004) in birds and humans, that vocal-learning pathways in birds and humans may be similar to systems outside of the vocal pathways that intuitively could be motor pathways found in vocal-nonlearning birds and mammals, but they did not have experimental evidence to corroborate these suggestions. The fi ndings of Feenders et al. (2008) provide supportive evidence for a motor origin theory. These fi ndings may help answer the question of what makes vocal learning, and spoken language and singing for that matter, special (Hauser et al. 2002; Fitch et al. 2005; Okanoya 2007; Pinker and Jackendoff 2005) . We suggest that at least one special feature is a cerebral vocal motor learning system that controls the vocal apparatus.
This theory has overlaps with the gestural origin of spoken-language hypothesis, where the motor learning ability of gestures in human and nonhuman primates has been argued to be a precursor behavior for motor learning of spoken language (Rizzolatti and Arbib 1998; Arbib 2005a; Pika et al. 2005; Gentilucci and Corballis 2006; Pollick and de Waal 2007) . During child development, gesture production appears before speech production and is thought to enhance learning of speech and singing; adults use limb gestures automatically and often unconsciously during speech production and singing (Galantucci et al. 2006; Gentilucci and Corballis 2006; Liao and Davidson 2007) .
The motor theory of vocal-learning origin hypothesis (Feenders et al. 2008 ) has some differences with the gestural origins hypothesis as some have proposed it (e.g., Hewes 1973; Armstrong et al. 1984; Corballis 2003) . The various versions of the gestural origins hypothesis often argue that the brain pathway used to generate nonvocal gestures and generate speech are tightly linked in the left frontal cortex, and are important not only for signaling but also for syntax perception and production. In contrast, the motor theory of vocal-learning origin hypothesis argues that the speech production and gestural production pathways are anatomically parallel systems: each has similar properties and both pathways have features found in most other motor learning pathways. This proposal is more closely reminiscent of variants of the gestural hypothesis that allow a virtuous spiraling of interaction during the evolution of gestural and vocal control circuits (cf. Arbib 2005a). Further investigations into the behaviors and neural circuits for movement displays, including the recent discovery of gesturing in birds (Pika and Bugnyar 2011), may help further discriminate among these hypotheses. If the motor theory hypothesis is further supported in birds and mammals, then the evolution of complex vocal-learning and gesture-learning brain systems, via replication and differentiation of a preexisting motor learning system, might represent a general mechanism of how brain pathways for complex behavioral traits, such as speech and singing, evolve.
Conclusion: An Ornithomorphic View of Human Speech and Song
We have summarized a considerable body of behavioral, neuroscientifi c, and genetic work on complex vocal learning in birds and humans, and hope that this demonstrates the excellence of the songbird model as a system to investigate both the evolution and mechanistic basis for complex vocal learning. The existence of many different bird species capable of complex vocal learning provides a very powerful basis for understanding its evolution. The avian order provides species with a broad range of capabilities, from those whose call morphology is essentially innately specifi ed (e.g., chickens), to species with relatively simple learned song (e.g., zebra fi nches, swamp sparrows), to species with remarkably complex learned vocalizations that rival human speech or song in complexity (e.g., thrashers or lyrebirds). This is in sharp contrast to the situation among primates-where only humans are capable of complex vocal learning, whether of speech or song-which greatly limits the scope of comparative investigations among primates.
We conclude with a brief glimpse of our own species from an ornithomorphic perspective, which we hope to have encouraged through this discussion. From the perspective of a songbird, a fundamental unity exists in human language and music: both use vocal output as their "default" modality (speech and song) and cultural transmission of both necessitates the ability for complex vocal learning. This ornithomorphic perspective invites us, in several ways, to concentrate on this ability as an important (but not sole!) explanatory factor in both domains. First, the existence of birdsong provides proof that complex vocal learning can evolve and be adaptive, independent of any linguistic use in conveying complex propositions. This clearly illustrates the plausibility of Darwin's supposition that, at some point in hominin evolution, our ancestors may have evolved a learned vocal communication system that was not employed in propositional communication, and which thus was more similar to music than to spoken language (Brown 2000; Darwin 1871; Fitch 2006a; Mithen 2005) . Whether this is termed "song," a "musical protolanguage," or "musilanguage" is a matter of taste: songbirds demonstrate that this hypothesis is not implausible.
Second, birds provide a test bed for adaptive hypotheses. For instance, Darwin's familiarity with temperate-zone songbirds led him to believe that in all complex vocal-learning species, only the males sing. This sexual dimorphism led him further to suppose that sexual selection was the main driving force in the evolution of birdsong and, by analogy, in human musical protolanguage. More recent data (reviewed above) shows, however, that song in female birds is quite common (e.g., in duetting species), and in some clades (e.g., parrots) there is no obvious sexual dimorphism at all. These species show that it is necessary to disentangle Darwin's phylogenetic hypothesis (that a song-like system preceded speech) from his proposed adaptive driving force (sexual selection on males for courtship and territorial defense, cf. Fitch 2006a).
Third, completely independent of such evolutionary considerations, research on birdsong provides a rich model for understanding the proximate mechanisms which underlie vocal learning. A wide range of experiments, from song deprivation to brain lesions to manipulations of gene expression, are possible in birds that would be unthinkable in our own species, and very diffi cult in mammalian complex vocal learners like seals, whales, or elephants.
Fourth and most surprising, mechanistic investigations have revealed several examples of deep homology between birdsong and human vocal learning, both at the neural and genetic levels. Given the universal agreement that complex vocal learning evolved independently in birds and humans, homology in the underlying neural and genetic pathways comes as somewhat of a surprise, though, as already discussed, this now looks to be more prevalent in biology than anyone previously suspected (cf. Carroll 2008) . This provides an unexpected bonus for research on human genetic underpinnings of vocal
